We study a simple, well-motivated model based on a custodial symmetry which describes the tree-level production of a 750 GeV diphoton resonance from a decay of a singly produced vectorlike quark. The model has several novel features. The identification of the resonance as an SU(2)R triplet provides a symmetry explanation for suppression of its decays to hh, W W , and gg. Moreover, the ratio of the 13 TeV to 8 TeV cross sections can be larger than single production of a 750 GeV resonance, reaching ratios of up to 7 for TeV scale vector-like quark masses. This eliminates any tension between the results from Run I and Run II diphoton searches. Lastly, we study the kinematics of our signal and conclude that the new production mechanism is consistent with available experimental distributions in large regions of parameter space but, depending on the mass of the new vector-like quarks, can be differentiated from the background with more statistics.
I. INTRODUCTION
The recent observation of an excess in the diphoton channel around 750 GeV invariant mass by ATLAS and CMS at √ s = 13 TeV [1, 2] has generated much interest in models with a heavy scalar resonance, φ, that decays to two photons. Most explanations proposed so far are considering loop induced resonance production, typically via heavy vector-like quarks (VLQ) charged under the Standard Model (SM). Otherwise, tree-level decays to SM particles would naturally dominate the branching ratio of φ, either leading to a diphoton rate too small to explain the excess or a production rate of two SM particles with large invariant mass that is excluded by existing measurements.
In this paper, we propose a novel tree-level production mechanism where φ arises from the decay of a VLQ. The VLQs can be singly produced due to their mixing with the SM quarks, while the resonance is protected by the SU(2) L ×SU(2) R custodial symmetry. In order to have significant mixing between the VLQs and the light quarks without modifying the Zqq couplings predicted by the SM, we introduce VLQs in a bidoublet representation of the custodial symmetry, while the resonance φ is part of a triplet under SU(2) R . The model has several advantages and new features:
• It is one of the few viable examples of tree-level production consistent with the excess signal rate, existing experimental constraints, and the kinematic distributions of the diphoton background events.
• The ratio of production rates between 13 and 8 TeV is different than gluon or quark fusion. Depending on the model the ratio can be as large as about 7 (vs. 4.7 for gluon fusion), eliminating the tension with the 8 TeV diphoton searches.
• The custodial symmetry protects the resonance from the leading one-loop decays to hh, W W , and gg, while allowing decays to γγ. The suppression of the hh decay is particularly significant since in most models this coupling will arise at tree-level, making it difficult to reconcile with the expectantly large diphoton branching ratio and unobserved hh decays. The γγ (as well as ZZ and Zγ) decay width is nonvanishing due to the explicit breaking of the custodial symmetry from gauging the U(1) Y subgroup of SU(2) R .
• The custodial symmetry also forbids one-loop gluon fusion production, explaining the dominance of the tree-level production via a decay of a VLQ.
The scenario where φ is produced primarily from the decay of singly-produced VLQs has not been considered in the diphoton excess literature, although some authors have considered production of φ through a cascade decay of a heavier parent particle (e.g., [3] [4] [5] [6] [7] [8] [9] [10] ). Furthermore, several authors have pointed out the potential to measure VLQ top or bottom partners decaying to φ [11] [12] [13] . However, to explain the bulk of the excess signal through a decay of pair-produced top or bottom partners would require couplings at their perturbative limits to achieve large enough γγ rate and to explain why the VLQ decay process dominates over gluon fusion [5] . Moreover, pair production of two VLQs per event would give several hard jets in the event in addition to the diphoton, which is inconsistent with the kinematic distributions of events in the excess region. The tree-level production mechanism presented in this paper avoids these problems. Interestingly, it has been pointed out in [14] that a top partner need not be a mass eigenstate but rather could be a mixture of top and charm-like mass eigenstates raising the possibility that the vector-like quarks which mix with light quarks could also play a role in solving the little hierarchy problem.
This paper is organized as follows. In Sec. II, we introduce a motivated model consistent with low energy flavor constraints in which a bidoublet of vector-like quarks with m V m φ mix with the light-SM quarks. In Sec. III The dominant production of the diphoton excess from a decaying VLQ (U ). In addition to the resonance, there are two additional jets. The p T of the jets (and hence the visibility of the signal) is strongly dependent on the mass of the VLQ.
we discuss the production and decays of the new particles and find that the model can easily accommodate the current excess in the diphoton data without tension from existing searches, both from the 8 TeV searches sensitive to the 750 GeV resonance as well as searches sensitive to VLQs. Furthermore, we compare the kinematic distributions of our signal and the diphoton background, finding that, depending on the splitting between the VLQ and the scalar, the distributions can be challenging to distinguish without additional data.
II. CUSTODIAL SYMMETRY AND LIGHT QUARK MIXING
In this section, we present a model in which the resonance is a decay product of an electroweak produced VLQ from the dominant t-channel process shown in figure 1. Single production of VLQs requires a large mixing angle between the light quarks and VLQs. One would naively expect such mixing to yield large corrections to the Zqq couplings, which are strongly constrained by electroweak precision observables. However, we can protect the Z couplings via the custodial symmetry by using a bidoublet representation V for the VLQs [15] . In addition, we introduce the SU(2) R triplet, Φ, whose neutral component (which we denote by φ) will play the role of the 750 GeV resonance. This model is an example of a custodially symmetric model commonly considered in composite Higgs and extra dimensional models [14, [16] [17] [18] [19] [20] [21] [22] [23] .
A. Field content and mixing
We organize the fields into irreducible representations of SU(3) C ×SU(2) L ×SU(2) R ×U(1) X in Table I , where the SU(2) R is a global symmetry and the fermions are left-handed Weyl spinors. Hypercharge is embedded in SU(2) R ×U(1) X as Y = T 3 R + X. The SM quarks are taken to be singlets under SU(2) R and we represent the Higgs doublet as a bifundamental, H = ( H * , H). Four VLQs form the bidoublet,
The charges of the new quarks are Q U1 = Q U2 = 2/3,
The Lagrangian for the VLQs (not including the terms coupling to the scalar Φ) is
where the (0) superscript denotes the quark fields in the SM mass basis of the up-type sector (the basis of diagonal SM Yukawa couplings). We assume the VLQs only mix with a single generation of right-handed uptype quark, however in appendix A 4 we also consider a different U(1) X charge for V and the case of mixing with one generation of right-handed down-type quark. Note that we have made an important assumption regarding alignment: the bidoublet V couples to the up-type quark in the mass basis of the SM. This assumption is to avoid low energy flavor constraints from flavor changing neutral currents but is not a crucial ingredient for the collider phenomenology that follows.
The down-type quark masses are unaffected by the new VLQs. One flavor of the up-type quarks can mix significantly with the new VLQs through the off-diagonal mass matrix:
where λ u is the Yukawa of the up-type quark. From here on, we assume the mixing is with the up or charm quark and neglect the up-type quark mass. The mass eigenstates (u, U , andŨ ) are related to the gauge eigenstates by:
where s θ ≡ sin θ and c θ ≡ cos θ with
where v 246 GeV is the vacuum expectation value of the Higgs, and the masses of the VLQs are
The down-sector does not experience any mixing, i.e. X and D are mass eigenstates.
The mixing, parameterized by s θ , leads to couplings between a generation of SM quarks, SM gauge bosons, and the VLQs (derived in more detail in appendix A):
where s w (c w ) is the sine (cosine) of the Weinberg angle and g (e) is the SU(2) L (QED) coupling constant. If the mixing angle is sufficiently large, these couplings can result in electroweak production of single VLQs (U , D, or X) which can dominate over the VLQ pair production cross section. Notice that only U , which will be responsible for the production of the diphoton resonance, couples to an up-type quark and the Z.Ũ is not produced by electroweak interactions in this model. This is because only the linear combination U 1 + U 2 mixes with the uptype quark, which is a necessary feature for the protection of the Zqq coupling in this model.
B. Consequences of a custodial triplet
The 750 GeV diphoton resonance φ is embedded in an SU(2) R triplet scalar Φ as follows.
This allows for a coupling of Φ to the VLQs of the form
where the ellipses refer to terms involving the charged components of Φ. The relative minus sign between the U 1 U 1 and U 2 U 2 terms gives rise to the coupling of φ to U and the SM up quark (as opposed to a coupling toŨ ) which is responsible for the production of the resonance.
These interactions will generate couplings of φ to SM dibosons, such as gg, W W , hh etc. via triangle diagrams with the VLQs. However, in the limit of exact custodial symmetry, these amplitudes are forbidden. For example, the operator Φ G µν,A G A µν has no custodially invariant contraction because the gluon field strength tensor G is a custodial singlet. Furthermore, the Higgs coupling to the scalar vanishes since (using HH † ∝ 1),
In practice, the vanishing of the amplitudes is a consequence of cancellations of the contributions due to different VLQs running in the loop, which contain important relative minus signs as a consequence of the custodial symmetry.
The loop amplitudes for φ therefore require the insertion of SU(2) R violating interactions. The largest such couplings in the SM are the third generation Yukawas, however in the flavor alignment limit these couplings will not directly affect the diphoton resonance sector since we assume mixing is not occurring with the third generation up-type quark. The dominant source of custodial symmetry breaking in this sector will therefore be the embedding of the hypercharge gauge group within the T R 3 generator of SU(2) R , and so it is to be expected that the leading loop amplitude will be that coupling φ to hypercharge gauge bosons, φ B µν B µν . Indeed, the oneloop contributions to this operator do not cancel among the VLQs due to their differing hypercharges. The other loop amplitudes will be generated at higher order and are suppressed by an additional factor ∼ α/4πc 2 w compared to their naive sizes. These two-loop contributions can induce a mixing angle between φ and the Higgs of order
2 w ) (where m φ denotes the mass of the resonance), however this is much too small to induce sizable decays to tt. Direct couplings of φ to the up-type quarks can also arise at two-loops but is suppressed by a Yukawa coupling, making it negligible. We verify the effects of custodial symmetry breaking explicitly in A 3. This custodial protection mechanism generates a natural hierarchy between the decays of the resonance to diphotons and its decays to gg, W W , hh, and also suppresses the gluon fusion production of φ.
We now briefly compare this to a scenario in which the diphoton resonance is assumed to be a custodial singlet S with couplings
In this case, the only S-quark-VLQ coupling involvesŨ , which does not couple to SM gauge bosons and therefore cannot be produced via VLQ single production.Ũ is pair-produced and can decayŨ → Su, however the rate for pair production is subdominant to electroweak production of U and insufficient to explain the excess. Furthermore, this singlet does not exhibit custodial protection, which is a consequence of the couplings in eq. 13 adding constructively rather than destructively.
III. DIPHOTON CROSS SECTION
Above we presented a model in which φ can be produced as a decay product of a singly produced VLQ (we will assume m V > m φ throughout). The dominant production mechanism for the diphoton resonance is depicted in figure 1.
1 In this section, we demonstrate that the γγ rate is sufficient to explain the diphoton excess while avoiding constraints from existing VLQ searches and electroweak precision tests. We consider two variations of the model, one where the VLQs mix with the up quark and another with the VLQs mixing with the charm quark.
Since the γγ final state arises from a decay chain, the inclusive cross section into γγ is given in the narrow width approximation by
(15) Each of these contributions has different dependence on the relevant parameters of the model, y φ and s θ . The production cross section of the VLQs, σ(pp → Uū,Ū u), is proportional to s 2 θ but is independent of y φ .
A. Branching ratios
The complete formulae for the branching ratios of φ and U are given in appendix A 2. We summarize the results here. U has two decay channels, U → Zj and U → φj with the dominant decay being Zj. This results in the branching ratio of U → uφ ranging between 1-10%, proportional to y 2 φ and independent of the mixing angle. φ has competing decays between a 3-body tree-level decay and loop-induced 2-body decays. The only tree-level decay of φ is to Zuū through an off-shell U with a rate is proportional to s are more stringent constraints on the mixing angle though a larger production cross section.
mixing angle. φ has additional loop-induced decays into γγ, Zγ, and ZZ. These decays arise from gauging hypercharge resulting in the relative ratios,
The loop-induced rates are largely independent of the mixing, proportional to y 2 φ .
2
The leading branching ratios of φ are shown in figure 2 for a benchmark point relevant in the case of up-mixing with s θ = 0.1 (left) and charm-mixing with s θ = 0.3 (right). A couple comments on the choice of benchmark points (displayed in Table II ) are in order. First, regarding the size of the mixing angle, we have provided constraints on the allowed mixing angle for electroweak produced VLQs in appendix B, obtained by reinterpreting the constraints from direct LHC searches on light quark composite partner models [14] . For the up-quark mixing, the mixing angle is experimentally constrained to be s θ 0.12, while for charm mixing, the constraints are much weaker with s θ 0.5. Larger mixing angles are allowed for the case of charm mixing since the electroweak production cross section of the VLQs are suppressed by the charm parton distribution function.
B. The inclusive cross section
Depending on the size of mixing, the inclusive cross section for diphoton production scales differently with the mixing angle. There are two distinct regimes, large and small mixing angles. If the mixing angle is large, then the dominant decay of φ is through the 3-body decay. In this case the branching ratio into diphotons is ∝ 1/s 4 θ giving an inclusive cross section The different branching ratios for φ. The loop-induced decays to γγ, γZ, and ZZ always compete with the 3-body decay. At large mixing, the 3-body decay is the preferred decay mode, however for small-mixing, the loop-induced decays (which are roughly independent of the mixing) dominate. Left: The branching ratios for the u R benchmark point (small-mixing). Right: The branching ratios for the c R benchmark (large-mixing).
For small mixing, the 3-body φ decay is heavily suppressed making the diphoton rate the dominant mode, i.e. Br(φ → γγ) ≈ 1, independent of y φ or s θ . In this case, the inclusive cross section scales as
The transition between the two regimes occurs around s θ ∼ 0.2, and this is the point where the cross section is maximized. Due to the constraints, the up mixing case is always in the small mixing scenario while the charm can be either the large or small mixing regimes. For our chosen benchmark point, the charm scenario corresponds to large mixing.
To reproduce the excess, we simulate the production of φ at leading order using a custom FeynRules model [25] with MadGraph5 [26] . To roughly estimate the size of next-to-leading order (NLO) effects, we compute the production cross section with an additional jet, finding that it makes up about 50% of the leading order cross section. This suggests an NLO K-factor of about 1.5, and we use this correction throughout. We compute the diphoton rate using equation 15 and the branching ratios given in appendix A 2. Figure 3 shows the inclusive diphoton production cross section for different VLQ masses and values of y φ for the two benchmark points.
We see in the left of figure 3 that we need y φ ∼ 0.7 to get enough cross section to explain the excess in the up quark variation of the model. Larger Yukawa couplings are required in the charm-mixing benchmark point, requiring y φ ∼ 2 to achieve the minimum cross section needed to explain the excess.
As with many models explaining the diphoton excess, such Yukawa couplings can lead to non-perturbativity of the model before the GUT scale. The up-mixing benchmark becomes non-perturbative at around 100 TeV, although there is some parameter space where the coupling remains perturbative beyond the GUT scale. The charmmixing model is more problematic given the Yukawa coupling runs to its perturbative limit at a few TeV, putting into question the validity of our analysis. However, this problem can be easily overcome by adding additional flavors of bidoublets (these may or may not mix with the SM quarks) which feed into the running, but also boost the diphoton decay rate as the square of the number of flavors allowing for much smaller couplings, and a much higher scale of strong coupling.
C. Eliminating tension with 8 TeV data
One of the puzzling features of the 13 TeV diphoton excess is its seemingly large cross section compared to cross section limits from 8 TeV searches. A 750 GeV resonance is not ruled out by Run I searches but, depending on the production mechanism and width, may be in tension with Run I limits [24, 27] . Thus to reproduce the excess, it is important to have sufficiently large scaling, r, defined as the ratio of the cross section at 13 TeV to that at 8 TeV. We compute the scaling for our model as a function of the VLQ mass (the scaling is independent of the couplings) and assuming the K-factor is constant from 8 to 13 TeV. The results are shown in figure 4 alongside the scaling of other proposed models, including gluon fusion,production [28] , and photon fusion [29] [30] [31] . The upmixing model inherits the scaling from the uū production at m V ∼ 750 GeV but grows with the mass of the VLQ due to the higher center-of-mass energy. For heavy VLQ masses near 1500 GeV, the scaling is comparable to gluon fusion. The charm variation of the model, however, scales much better due to the parton distribution function of the charm in the initial state. For VLQ masses nearly degenerate with m φ (800 GeV m V 1000 GeV) for which the extra jet from the U decay is relatively soft, the scaling is as large as for bb production. For larger masses, the charm-mixing scenario has r 7, but in this region of parameter space, the φ would be accompanied by a high-p T jet in the final state (we explore the plausibility of this scenario in Sec. IV). We conclude that, depending on the mass of the VLQ, our signal can achieve larger cross section scaling from 8 to 13 TeV than any proposed model of single resonance production.
For simplicity, we have only considered mixing with uptype quarks. It is possible to construct a similar model in which new VLQs mix with the down-type quarks. The terms in the Lagrangian responsible for production of a down-type variation of this model are presented in appendix A 4. We include the scaling properties of production from down, strange, and bottom quark mixing in figure 4 . The bottom quark mixing scenario has the largest ratio of 13 to 8 TeV cross section, while the down and strange quark scenarios interpolate between the scaling of the up and charm scenarios.
IV. KINEMATICS A. Comparing with ATLAS
In addition to the diphoton resonance signature at m γγ ∼ 750 GeV, our signal has two additional jets, with one of the jets typically in the forward direction. ATLAS and CMS have remarked that events in the excess region are consistent with the background kinematics. Furthermore, ATLAS has recently provided kinematic distributions of the excess events [32] for the number of jets, N jets (ATLAS defined a jet using p j T > 25 GeV for η < 2.4 and p j T < 50 GeV for η < 4.4), and the transverse momentum of the γγ resonance, p γγ T . Furthermore, ATLAS provided estimates for the expected SM diphoton background from simulations. The distributions are provided for the region 700 GeV < m γγ < 840 GeV and with the requirements on the leading and subleading photon energies E γ1 T > 0.4m γγ and E γ2 T > 0.3m γγ . In this bin, ATLAS found a total of 34 events, about 10 of which are diphoton excess candidates.
To compare the compatibility of the kinematics of the excess with our signal we simulate our signal using a combination of MadGraph5, Pythia 8.2 [33] , and Delphes 
FIG. 6:
The leading-jet p T and forward jet pseudorapidity distributions of the signal for vector-like quark mass of 800 (blue) and 1000 GeV (red) along with a gluon fusion signal (green) for comparison. For VLQs almost degenerate with the resonance, the signal is difficult to differentiate from the QCD background or a resonance produced via gluon fusion since these events also contain soft, forward jets from initial state radiation.
3 [34] making use of the NNPDF2.3LO parton distribution functions [35] . To compare with the distributions observed by ATLAS, we perform a weighted sum of our signal and the background estimates provided by ATLAS
This is done for each bin and we take r ≈ 10/34. We also simulate gluon fusion at leading order and perform this procedure in order to compare our signal with the kinematics of single production. By comparing the distributions in figure 5 , we conclude that although our signal has two extra jets in the final state, the distributions for N jets and p γγ T are consistent with the data provided by ATLAS (as is also the case for the gluon fusion signal). Furthermore, the mass of the VLQ has only a mild effect on these distributions since the number of jets from the hard process is independent of m V . The signal does have distinctive features in other distributions, however, and we explore these features in the next section.
B. Additional signatures
Our signal predicts observable jet signatures that can be used to discern this process from background events or from other resonance production mechanisms. In particular, we expect a forward jet as well as one central jet with higher p T , depending on m V . The distributions for the p T of the leading jet (p j1 T ) and the absolute value of the pseudorapidity of the most forward jet (|η F J |) for the signals with m V = 800 and 1000 GeV are shown in figure 6 along with the gluon fusion signal for comparison. Note that ATLAS and CMS did not provide the background or observed kinematic distributions for these observables, so we did not combine the background and the signal in these plots.
The distributions have some distinctive characteristics. Firstly, we see that for small splitting p j1 T is peaked around zero since, at these splittings, the central jet, which will typically be the leading jet, has low p T . However, for larger splitting the distribution has a kinematic edge with the end-point at the splitting between the VLQ and the resonance. This is prototypical of a jet arising from a heavy particle decay to a second heavy particle. Interestingly, such a distribution can suggest the mass of the VLQ. The forward jet in the event is most easily probed using its pseudorapidity. The distribution has a dip at η ≈ 2.4 as a consequence of the cuts used by AT-LAS for the jet definition (see above). As expected, the signal has a jet with large η, however this is also true of the dominant background, γγ. In this background, jets are emitted from the initial state and hence tend to be in the forward region. This can result in the feature being well hidden inside the SM background of the searches.
In addition to the features of the dominant production mode, there are secondary production modes of the excess. In principle, one may expect that any of the VLQs could decay into the resonance, but this is not the case. Due to the custodial structure of the model, only U couples to the resonance and a SM quark (see equation 10) , and hence its the only single VLQ production mode. However, there are three subdominant modes which can contribute significantly to the cross section, single VLQ production through pp → U Z, U Z, QCD pair production of VLQs through pp → U U , and direct production of the resonance through a t-channel VLQ, pp → φZ. The cross section composition depends strongly on the choice of mixing angle and mass of the VLQ. The various contributions to the total cross section as a function of the mass for our benchmark points are shown at leading order in figure 7 (for simplicity we do not apply K-factors when comparing between these different channels). We conclude that the additional production modes make up 10-30% of the inclusive diphoton cross section for reasonable choices of parameters. With more statistics, excesses in these subleading channels could be used to differentiate our signal.
Lastly we note that in principle the charged scalars, which are almost degenerate with φ, can also be observed as they are singly produced by a similar mechanism as φ. However, the loop-induced decays to W Z and W γ both vanish in the custodial limit, rendering their 3-body decays dominant in almost all of parameter space. These 3-body decays could be probed, but such studies are likely less sensitive then other searches.
V. CONCLUSIONS
We have presented a model describing a 750 GeV diphoton resonance arising from a custodial triplet which is produced as a decay product of a singly-produced VLQ. Our model has novel kinematics compared to other proposed production mechanisms and eliminates the tension from the 8 TeV diphoton searches while maintaining consistency with the kinematic distributions in the excess region. With additional statistics, our signal could be confirmed by the presence of a forward jet in the diphoton events or as a kinematic edge in the leading-jet p T distributions if the VLQ mass is significantly heavier than 800 GeV. The scalar resonance enjoys custodial protection, explaining the dominance of the γγ decay rate over W W , hh, and dijet decays.
Additional signatures of the model include a corresponding excess in the Zγ and ZZ channels with fixed rates with respect to the γγ rate. Furthermore, searches for single production of VLQs in Run II will probe deep into the viable parameter space of this model.
We now note some interesting model building possibilities which we leave for future studies. First, in this work we focus on the case where the new scalar arises from an SU(2) R triplet but is uncharged under SU(2) L . However, many of the benefits enjoyed by this model are present in similar representation choices, in particular if φ is a (3, 1)  or (3, 3) under (SU(2) L , SU(2) R ). These models also forbid gluon fusion and the tree-level production mechanism can dominate. Another interesting possibility is if the VLQs are related to the the top sector, as one might expect in a composite Higgs model, and the custodial symmetry is broken explicitly by the top Yukawa. Such a breaking can induce φ production through gluon fusion, perhaps in a controlled manner such that the decays to hh as well as decays to W + W − are still suppressed. Finally, we comment on some ways to further reduce the size of the Yukawas. In this work we focused on a single flavor of VLQ for simplicity. However, if there are additional flavors (with or without mixing to the other SM quarks), this can greatly enhance the diphoton decay rate, reducing the size of Yukawas necessary to reproduce the excess. An additional possibility is if SU(2) R is gauged. In this case, the additional gauge bosons will propagate in the diphoton loop giving a significant enhancement to the diphoton rate.
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Notice that we can split the coupling matrix into two pieces, 
The first matrix is diagonal and commutes with the rotation to the mass basis while the second matrix yields new couplings between the VLQs and the quarks upon moving to the mass basis. Performing the rotation (the rotation matrices are given in eq. 4) gives,
Notice that the rotation to the mass basis has left the topleft entry of the coupling matrix unchanged. This is very important as it means the mixing with the VLQs does not affect the Zūū coupling which is tightly constrained experimentally. We see that we have a new coupling between the quark and the VLQ:
Now consider the W -boson couplings. The right-handed up quark does not couple to the W in the gauge basis, so the relevant couplings are simply:
where we moved to the mass basis in the last line.
Decay rates
In this section, we present formulae for the different decay rates used in the text for both the scalar resonance and the U quark.
a. φ decays
We begin by considering the tree-level decays of φ. The dominant contribution is
where N c is the number of colors, τ ≡ m Q /m φ , and
(A9) The other conceivable 3-body decays, φ → huū, φ → W dū , and φ → W ud vanish identically due to the custodial production.
In addition φ has several loop induced decays to vector bosons as well as the Higgs. All the loop induced decays decays violate custodial symmetry. This can easily be seen at the operator level, where the terms There is a large breaking of this symmetry from gauging hypercharge, which induces decays into γγ, γZ, and ZZ. Since gauging hypercharge only breaks SU (2) R , the Z interactions are suppressed by powers of the Weinberg angle, resulting in these being generically subdominant to the photon decays. The general computation of these decay rates is made complicated due to the mixing of the VLQs with the up quark, however since these contributions are suppressed by powers of the mixing angle they are generically small. We have checked the size of these corrections by computing the rates numerically using FeynArts3, FormCalc8, and LoopTools2 [36, 37] and we find that the effect is at most 10% in the interesting region of parameter space (though often much smaller), and we neglect these effects for simplicity.
The decay rate of a scalar into two photons mediated by VLQs with mass m i is [38] 
where
The sum runs over all VLQs and for a bidoublet the sum is
where the only non-zero contribution arises from the D and X quarks.
The decay to two gluons mediated by VLQs is
where g s is the strong coupling constant. For a bidoublet of VLQs with a triplet scalar, the sum is equal to zero showing that gluon fusion is custodially protected as expected.
The decay to ZZ mediated by VLQs is
(A14) The sum for the bidoublet is:
The decay to Zγ is
and
The Φ → γγ, Zγ, ZZ decays obey the expected relationship when they all arise from ΦB µν B µν :
The decay of φ to
(A21) For a bidoublet the sum vanishes identically as expected.
Lastly, the φhh operator vanishes at tree-level and at one-loop by custodial symmetry but will be generated at two-loops by custodial symmetry breaking. The vector-like quarks can decay in a couple ways. We will assume m Q > m φ such that the VLQs can decay to the scalar. Furthermore, we will focus on U since that's the only VLQ that will play a role in the phenomenology.
The decays rates are
Notice that the uZ decay is enhanced by m 2 V /m 2 Z due to the longitudinal polarization of the Z. Thus in order for the φ decay to be substantial one needs larger Yukawas. The branching ratio into φ u is shown in figure 8 for different Yukawas.
Custodial symmetry breaking
In this work we have assumed that the couplings and masses of the VLQs and the triplet Φ preserve the custodial symmetry, which enforces a cancellation in the loop amplitudes corresponding to the gluon fusion production of φ as well as the decays to gg, hh, and W W . Assuming no cancellations or large mass hierarchies, a generic scalar φ coupling to N f VLQs with coupling y φ would acquire an effective coupling to gluons of the form
with similar expressions for the other amplitudes. The explicit breaking of custodial symmetry due to the gauging of hypercharge means that these amplitudes will still be generated, but with an additional suppression of O(α/c 2 w ) compared to the above estimate. In particular, the VLQ mass renormalization and the renormalization of the Tr V ΦV couplings due to hypercharge gauge boson loops, illustrated in Figure 9 
Similarly, the vertex and wavefunction renormalization provide a contribution to the operator δy φ Tr V T R 3 ΦV of size
where g is the U (1) Y coupling constant. Now, custodial symmetry violating amplitudes of the kind in Figure  9 can be generated either with an insertion of δm V instead of m V , or with the coupling δy φ . Therefore, the amplitude is suppressed by a factor
In the same spirit, one can also generate a mixing between the Higgs and the new scalar φ. Such a mixing is induced at two loops from the operator of the form,
ΦH . The coefficient of this operator is of order
which results in a mixing angle between the Higgs and φ of order 
where we have substituted λ V for the mixing angle. This mixing will induce decays of φ to tt, but due to the smallness of the coupling, we do not expect this decay to be observable in the near future.
Down-type model
We now present the down-type model which can have mixing between the SM down-type quarks and the VLQs. The model is identical to the up-type model but assigning the V bidoublet a U(1) X charge of −1/3 (as opposed to +2/3). This gives the following fields
where Q D1 = Q D2 = −1/3, Q U = +2/3, and Q Y = −4/3. As in the up-mixing case, a mixing is generated between a SM quark and a VLQ through:
where d (0) denotes the down quark in the SM mass basis of the down-type sector. The mixing produces a ZDd coupling resulting in electroweak production of D, which can decay into the diphoton resonance.
Appendix B: Experimental constraints
The LHC has performed searches with significant sensitivity to models with light-quark mixing. The constraints were studied in detail in [14] for both up-quark mixing and charm-quark mixing in the context of a composite model and in [23] for the up-type mixing model. The dominant constraints arise from charged current production of D and X quarks. There are additional constraints from production of the charged +2/3 quarks, but since they are always subdominant, we omit these. Instead of recasting the constraints ourselves we make use of the recast performed in Ref. [14] . The authors recast two searches: a 7 TeV search by ATLAS searching for the bidoublet model (without the additional scalar triplet) [39] and an 8 TeV search for excited quarks [41] with a similar final state which is not optimized for the single production of vector-like-quarks but shares a similar final state. The two searches have competitive limits. Additionally there are constraints on pair production of VLQs, however these are subdominant in the mass [14] ) arising from an ATLAS 7 TeV dedicated search for single production of VLQs [39] , a CMS 8 TeV search for W /Z-tagged dijet resonances [40] , and electroweak precision (EWP). Areas above the lines are excluded. Here we neglected effects due to additional decay channels of the vector-like-quarks into the scalars in our model. ranges we are interested in. In particular ATLAS has performed a search for VLQs decaying to W j finding a limit around 700 GeV for a single VLQ [42] . With two copies of such VLQs the limits strengthen but do not extend past 800 GeV. Furthermore, electroweak precision places an additional constraint from additional contributions to the S parameter [17] . One might worry that the additional scalar would complicate the limits, in particular the VLQs can decay to the scalar weakening the constraints. In general these branching ratios are 10% and we ignore such effects in our discussion.
Our goal is now to convert the single production limits quoted Ref. [14] into our (closely related) framework. In Ref. [14] the authors study a bidoublet model but with an additional VLQ singlet which they denote asŨ . We can decouple the particle to match with our framework. Multiplying their cross sections by the correction factor, 
with f = 600 GeV, v 246 GeV, and y R = 1 gives the cross sections in our case. Employing this procedure we obtain the limits shown in figure 10 .
